We compared the severity of ataxic and spastic dysarthria with local cerebral metabolic rates for glucose (ICMRGlc) in 30 patients with olivopontocerebellar atrophy (OPCA). Perceptual analysis was used to examine the speech disorders, and rating scales were devised to quantitate the degree of ataxia and spasticity in the speech of each patient. ICMRGlc was measured with '*F-2-fluoro-2-deoxy-~-glucose and positron emission tomography (PET). PET studies revealed marked hypometabolism in the cerebellar hemispheres, cerebellar vermis, and brainstem of OPCA patients compared with 30 control subjects. With data normalized to the cerebral cortex, a significant inverse correlation was found between the severity of ataxia in speech and the ICMRGlc within the cerebellar vermis, cerebellar hemispheres, and brainstem, but not within the thalamus. No significant correlation was found between the severity of spasticity in speech and ICMRGlc in any of these structures. The findings support the view that the severity of ataxia in speech in OPCA is related to the functional activity of the cerebellum and its connections in the brainstem. These types of dysarthria have been linked to anatomical loci of disease in the nervous system.
Olivopontocerebellar atrophy (OPCA) is a progressive neurological disorder characterized by neuronal degeneration in the cerebellar cortex, pons, and inferior olives . OPCA These types of dysarthria have been linked to anatomical loci of disease in the nervous system.
The structures in the central nervous system (CNS) responsible for ataxic and spastic forms of dysarthria have not been identified with certainty. Although it is generally held that the cerebellum and its connections are important in ataxic dysarthria, the relationship of the severity of dysfunction in these structures to the degree of dysarthria has not been determined. Ataxic dysarthria has been attributed principally to injury of the superior cerebellar vermis C9-111, but dysarthria has been observed with bilateral cerebellar hemisphere damage {12, 131, with lesions of the paravermal and lateral elements of the hemispheres 114, 151, and with damage to the left paravermal area 1151. The importance of brainstem structures to the pathogenesis of ataxic dysarthria is unclear. Spastic dysarthria is thought to result from bilateral dysfunction of corticobulbar connections, but further details about this pathway have not been elucidated.
Darley and associates 17-93 used perceptual analysis to i d e n t i the speech characteristics of patients with the major types of dysarthria. They termed these characteristics deviant speech dimensions and studied their frequency in patients with disorders affecting relevant regions of the nervous system. In patients with ataxic dysarthria from cerebellar disease, they identified 10 deviant dimensions that were sufficiently severe to warrant inclusion in their list. In patients with spastic dysarthria associated with pseudobulbar palsy, they found 14 deviant dimensions that met their criteria for inclusion.
In this study we have correlated the deviant dimensions characterizing ataxic and spastic dysarthria with lCMRGlc in patients with OPCA. We found it necessary to modify the iists of Darley and associates [9] to separate more completely the deviant dimensions characterizing ataxic and spastic dysarthria. Our aim was to determine whether the severity of ataxic and spastic dysarthria correlated with the metabolic rates of particular brain structures considered important in the pathogenesis of these types of dysarthria. The findings revealed a strong correlation between the severity of ataxic dysarthria and lCMRGlc in the cerebellar hemispheres, cerebellar vermis, and brainstem. Preliminary findings from this study have been published 1161.
Methods
We studied 30 patients with OPCA and 30 normal controls. The studies were approved by the institutional review board of the University of Michigan Medical Center and informed consent was obtained from all subjects. The patients with OPCA included 17 women and 13 men with an average duration of illness of 6 5 5 years and a range from 1 to 22 years. Fourteen patients had a positive family history and 16 patients had sporadic disease. The normal control subjects had no history of neurological disease and no significant abnormalities on neurological and general physical examination. These subjects were taking no medication known to affect CNS function or to cause CNS side effects. All subjects were carefully screened for alcoholism, and no one with a clear history of alcoholism was admitted into the study. The diagnosis of OPCA was made on the basis of the history, physical examination, neurological examination, laboratory tests to exclude other diseases, and findings on computed tomography (CT) scans. None of the patients with OPCA had disorders of sensory function adequate to cause ataxia of movement. The laboratory tests included complete blood count; serum profiles of hepatic and renal function; brainstem auditory, visual, and somatosensory evoked potentials; serum levels of vitamin E, vitamin Biz, and folic acid; and studies of thyroid function. A search was made for an occult malignancy and included a pelvic examination in the women, a prostate examination in the men, acid phosphatase levels, guaiac tests for occult blood, and chest roentgenograms.
Normal control subjects and OPCA patients were studied in the University of Michigan CyclotrodPET Facility while lying supine, awake, and blindfolded in a quiet room. Each subject was placed in a head holder that maintained the head immobile throughout the study. The head was aligned along the orbitomeatal line with a laser. Scans were performed 30 to.75 minutes after injection of I 8~-m~. l s~-~~ was synthesized by a modification of the method of Ehrenkaufer and associates 1171. Radiochemical purity was greater than 95%.
Five to ten millicuries were injected intravenously and PET scans were performed with a TCC PCT 4600A tomograph having an in-plane resolution of 11 mm full width at half maximum (FWHM) and a z-axis resolution of 9.5 mm FWHM. Five planes with 11.5-mm center-to-center separation were imaged simultaneously. Four sets of scans were taken per patient, including two interleaved sets through lower brain levels and two interleaved sets through higher brain levels for a total of 20 slices, each separated by 5.75 mm. Attenuation correction was calculated by the standard ellipse method, modified to account for attenuation from the head holder and skull.
Blood samples were collected from the radial artery.
ICMRGlc was calculated using a three-compartment model and single scan approximation described by Phelps and associates 118) with gray matter kinetic constants derived from normal subjects 1191. Regions of interest (ROIs) were studied in the cerebellar hemispheres, vermis, brainstem, thalamus, and cerebral cortex. As described fully in a previous communication 161, data were collected from the ROIs by placing a 22 x 11 mm parallelogram over each cerebellar hemisphere, an 11 X 18 mm rectangle over the vermis, an 11 x 15 mm rectangle over the brainstem, and an 11 x 11 mm square over each thalamus. Each ROI was centered over a local peak in ICMRGlc. For reference, an individual image element (pixel) was 3.75 mm x 3.75 mm in size. Data were obtained from two slices containing the cerebellum and the brainstem and from one slice containing the thalamus. ROIs from the cerebellar vermis were posterior to the fourth ventricle. The brainstem ROI chiefly reflected the pons, but the mesencephalon or the medulla oblongata could have been partially represented. Data from the cerebral cortex were obtained by measuring ICMRGlc in the cortical ribbon from five consecutive slices beginning with the lowest slice containing the basal ganglia. This was accomplished using a computerized algorithm that enhanced the contrast in the images, then selected a 15-mm-wide band extending inward from the cortical rim. The mean metabolic rate was computed for each of these ROIs. Conventional neurological examinations were performed and recorded. Evaluation of the dysarthria included oral motor assessment and perceptual speech analysis. One of the authors (K. J. K.) analyzed and rated the severity of the ataxic and spastic dysarthric components from videotaped or audiotaped samples of spontaneous speech, expository speech (description of the "cookie theft" picture from the Boston Diagnostic Aphasia Examination), oral reading of the "Grandfather Passage," diadochokinetic rates, duration of sustaining the vowel sounds ah and ee, and counting from 1 to 75. We used the definitions of deviant speech dimensions by Darley and associates 191. Speech samples were assessed in multiple listening sessions with each session focused upon a single deviant dimension. A quantitative rating was developed extending from 0 (unaffected) to 3 (severely affected) and assigned to each deviant speech dimension.
For quantitation of the ataxic and spastic components of speech, we modified the Mayo Clinic rating system described by Darley and associates [9}. The Mayo Clinic lists contain several deviant speech dimensions that are found in both ataxic and spastic dysarthria (imprecise consonants, excess and equal stress, distorted vowels, harsh voice, monopitch, monoloudness, slow rate) ( Table 1 ). In addition, some of the 
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deviant dimensions noted to occur infrequently by Darley and associates 191 have been found frequently in our experience. For ataxic speech, these include alternating loudness, variable rate, fluctuating pitch, breathy voice, altered nasality, voice tremors, and audible inspiration. For spastic speech, these include prolonged phonemes or prolonged intervals or both. Our aim in this study was to separate ataxic dysarthria from spastic dysarthria as clearly as possible to reflect our clinical experience and to make correlations of speech abnormalities with lCMRGlc in PET studies. Accordingly, we reorganized the deviant dimensions to eliminate some of the overlap between ataxic and spastic dysarthria and to include some deviant dimensions that are relegated to positions of lesser importance in the Mayo Clinic lists ( Table 2) . We obtained a total ataxic dysarthria rating and spastic dysarthria rating for each patient by summing the ratings of the individual deviant dimensions. Figure 1 shows the severity of ataxia in speech plotted against the severity of spasticity in speech using the Mayo Clinic lists (A) and our modification of these lists (B). The strong relationship between ataxic and spastic speech in the Mayo Clinic lists, largely resulting from the many overlapping deviant dimensions, became weaker in the University of Michigan modification. In the analysis of the severity of ataxic and spastic dysarthria, we applied weighting factors to enhance the impact of the deviant dimensions that we considered most characteristic of these disorders (see Table 2 ). Our scales ranged from 0 to 48 for ataxic dysarthria and from 0 to 48 for spastic dysarthria. With this rating system, a score of 21 or more on either scale indicated a severe degree of dysarthria Our decisions concerning the reorganization of the deviant dimensions characterizing ataxic and spastic dysarthria and the weighting factors were based upon our clinical experience and were made prior to any analysis of data from the PET studies.
Spearman rank correlations were used to compare metabolic data with speech characteristics. The partial correlations method was used to eliminate the effect of the relationship bemeen ataxic and spastic speech characteristics when measuring these variables against ICMRGk. We considered p < 0.05 to be statistically significant.
Results
PET studies revealed marked hypometabolism in the cerebellar hemispheres, cerebellar vermis, and brainstem of OPCA patients compared with normal control subjects (Fig 2) . A significant inverse correlation was found between the degree of ataxia of speech and the absolute level of lCMRGlc within the cerebellar vermis, both cerebellar hemispheres, the brainstem, and the cerebral cortex, but not within the thalamus ( Table   3) . A significant inverse correlation was also found between the degree of spasticity of speech and the absolute level of lCMRGlc within the cerebellar vermis, both cerebellar hemispheres, the brainstem, and the cerebral cortex, but not within the thalamus (see Table  3 ). When the metabolic data were normalized to the cerebral cortex, a significant inverse correlation was still found between the degree of ataxia of speech and the ICMRGlc within the cerebellar vermis, cerebellar hemispheres, and brainstem, but not within the thalamus (see Table 3 ). The normalized data revealed no significant correlation between the severity of spasticity in speech and lCMRGlc in any of the structures studied (see Table 3 ). Figure 3 illustrates the correlations between lCMRGlc and ataxic dysarthria ratings for the cerebellar vermis, cerebellar hemispheres, brainstem, and thalamus.
We noted that, with absolute metabolic data, both ataxic and spastic speech characteristics correlated with ICMRGlc in the cerebellum, brainstem, and cerebral cortex. This finding raised the possibility of a correlation between ataxic and spastic speech patterns. We used the partial correlations method to determine the relationship of each speech characteristic to lCMRGlc without the contribution of the other speech characteristic ( Table 4 ). Partial correlations revealed that when the effects due to variations in the spastic speech rating were eliminated, a significant inverse correlation remained between the degree of ataxia in speech and absolute lCMRGlc in the cerebellar vermis, cerebellar hemispheres, and brainstem, but not in the thalamus or cerebral cortex (see Table 4 ). Absolute levels of cerebral cortical lCMRGlc no longer correlated with ataxic speech characteristics when the interactive effects of spastic speech were eliminated (compare Tables 3 and 4 ). Partial correlations also revealed that when the effects due to variations in the ataxic speech ratings were taken into account, a significant inverse relationship was found between the degree of spastic- ity in speech and absolute lCMRGlc in the cerebellar vermis, cerebellar hemispheres, brainstem, and cerebral cortex, but not in the thalamus (see Table 4 ). We also used the partial correlations method on lCMRGlc data normalized to the cerebral cortex (see Table 4 ). Significant inverse correlations remained for ataxic dysarthria and lCMRGlc in the cerebellar vermis, cerebellar hemispheres, and brainstem, but not in the thalamus. With lCMRGlc normalized to the cerebral cortex, however, no significant correlations were found between spastic dysarthria and lCMRGlc in any of the structures studied.
Discussion
This study extends our earlier work showing a marked decrease of lCMRGlc in the cerebellar vermis, cerebellar hemispheres, and brainstem in OPCA [6] .
We now show a strong inverse correlation between lCMRGlc in these structures and the severity of ataxia in speech. The correlation coefficients between absolute levels of ICMRGlc and degree of ataxia in speech were approximately equal for the left and right cerebellar hemispheres (separate data are not shown), the cerebellar vermis, and the brainstem. Reduced lCMRGlc in these structures probably resulted from diminished functional activity owing to decreased numbers of metabolically active synaptic terminals and cell bodies. Many connections have doubtlessly degenerated, since OPCA results pathologically in the progressive deterioration of numerous cellular elements in the cerebellar cortex, cerebellar nuclei, and pons 13, 41, and most of the patients studied showed some degree of atrophy of cerebellum and brainstem in CT scans C203.
In a previous study, we assessed the relationship of tissue atrophy, as determined by CT scans, to lCMRGlc in the cerebellum and brainstem in OPCA patients 161. A significant relationship was found; however, several patients had minimal or no atrophy and substantially reduced ICMRGlc. The findings suggested that tissue atrophy did not fully account for the finding of hypometabolism. Currently, we cannot determine with certainty to what extent the decreased lCMRGlc values reflected decreased metabolism per gram of viable tissue and to what extent they represented decreased tissue mass with partial volume averaging.
In this study, a significant inverse correlation was found between the absolute level of lCMRGlc in the cerebral cortex and the degree of ataxia in speech, although this correlation was weaker than the correlations for the cerebellum and brainstem. This finding was unexpected, since ataxia of speech is thought to stem from disease of the cerebellum and its connections { 3 , 7, 9-15] and not from disease of the cerebral cortex. Other unexpected findings were the significant inverse correlations between the absolute levels of lCMRGlc and the severity of spasticity in speech for the cerebellar vermis, cerebellar hemispheres, and brainstem. Spasticity of speech is thought to result from disease of the corticobulbar projections C91 and not from disease of the cerebellum.
The reason for the unexpected findings described above concerns the interactive effects of ataxic and spastic characteristics. The Mayo Clinic list of deviant dimensions in ataxic speech was compiled by Darley and associates [9] by listening to the speech of patients with diseases of the cerebellum and its connections. Individual deviant speech dimensions were identified and given a severity rating in each patient. The resulting list indicates the important deviant dimensions in ataxic speech disorders. The same procedure was followed to obtain the Mayo Clinic list of deviant dimensions in spastic speech except that the patients selected had disease of the corticobulbar connections. Clinical descriptions and diagnoses of the patients studied have not been published, making it difficult to know the relative purity of the cases. Some of the deviant di- To analyze the speech data and make correlations with PET studies, we needed to reformulate the Mayo Clinic list of deviant dimensions. This was necessary because of the overlap of deviant dimensions between ataxic and spastic speech in the Mayo Clinic lists and because of differences between our clinical experience and that of Darley and associates E91. We used weighting factors to enhance the importance of the deviant speech dimensions that were most responsible for the type of dysarthria found in this clinical population. Analysis by this approach separated ataxic from spastic speech characteristics fairly effectively, but a significant relationship remained between the two. As noted above, significant inverse correlations were found for both spastic and ataxic speech when compared with absolute lCMRGlc in the cerebellar vermis, cerebellar hemispheres, brainstem, and cerebral cortex. A clue to the interactive effects responsible came from examination of lCMRGlc data normalized to the cerebral cortex. These data revealed that reduced lCMRGlc in the cerebellum and brainstem was significantly correlated with the severity of ataxia in speech and not with the severity of spasticity in speech. Use of the partial correlations method clarified the situation. Elimination of spastic speech as a variable resulted in a significant inverse correlation between the level of ataxia in speech and absolute ICMRGlc in the cerebellum and brainstem, but not in the cerebral cortex or thalamus. Thus, the significant relationship of ataxic speech to cerebral cortical metabolic rate observed in the initial analysis appeared to result from the interactive effects of spastic speech. Furthermore, elimination of ataxic speech as a variable resulted in a significant inverse correlation between the degree of spasticity in speech and absolute lCMRGlc in the cerebellum, brainstem, and cerebral cortex. These findings were probably influenced strongly by the interactive effects of spasticity in speech and cerebral cortical metabolic rates. Indeed, after the lCMRGlc data were normalized to the cerebral cortex, the partial correlations showed that the level of ataxia in speech had a significant inverse correlation with lCMRGlc only in the cerebellum and brainstem, and not in the thalamus or cerebral cortex. In contrast, the level of spasticity in speech showed no correlation with normalized lCMRGlc in the cerebellum, brainstem, or thalamus. We conclude from this analysis that the severity of ataxia in speech is inversely related to the level of metabolic activity in the cerebellum and brainstem and the severity of spasticity in speech is inversely related to the global level of metabolic activity in the cerebral cortex.
The findings of this study support the view that in OPCA the severity of ataxic dysarthria is related to the functional activity of the cerebellum and its connections in the brainstem. This corresponds to classical ideas concerning the central position of these structures in the pathogenesis of ataxic speech 131. This study gives no information on the relative importance of individual component structures of the cerebellum and brainstem in speech disorders. OPCA leads to progressive degeneration of most elements of the cerebellum bilaterally, usually with no strikingly focal atrophy. In this situation, correlations between the activity of cerebellar substructures and the severity of the speech disorder cannot demonstrate the importance of any single small region. Patients with focal diseases affecting the cerebellum will need to be studied to obtain further information on the substructures important in the development of ataxic speech.
